When embryonic stem cells (ESCs) differentiate, they must both silence the ESC self-renewal program and activate new tissue-specific programs. In the absence of DGCR8 (Dgcr8 2/2 ), a protein required for microRNA (miRNA) biogenesis, mouse ESCs are unable to silence self-renewal. Here we show that the introduction of let-7 miRNAs-a family of miRNAs highly expressed in somatic cells-can suppress self-renewal in Dgcr8 2/2 but not wild-type ESCs. Introduction of ESC cell cycle regulating (ESCC) miRNAs into the Dgcr8 2/2 ESCs blocks the capacity of let-7 to suppress self-renewal. Profiling and bioinformatic analyses show that let-7 inhibits whereas ESCC miRNAs indirectly activate numerous self-renewal genes. Furthermore, inhibition of the let-7 family promotes de-differentiation of somatic cells to induced pluripotent stem cells. Together, these findings show how the ESCC and let-7 miRNAs act through common pathways to alternatively stabilize the self-renewing versus differentiated cell fates.
Mammalian development follows a carefully orchestrated unfolding of cell fate transitions leading to a complex set of highly specialized cell types. These cell fate transitions involve the silencing of previously active molecular programs along with the activation of new ones. miRNAs are small non-coding RNAs that are well suited to suppress previously active programs and, thereby, provide robustness to cell fate decisions 1,2 . miRNAs identify their targets by base pairing of nucleotides 2-8 of the miRNA (the seed sequence) with complementary sequences within the target mRNA's open reading frame (ORF) and 39 untranslated region (UTR) 1 . This targeting is carried out in coordination with the RNA-induced silencing complex (RISC), and often results in both destabilization and translational inhibition of the targets. Although inhibition of any one target is usually only partial, each miRNA binds and suppresses hundreds of messenger RNA targets, resulting in large overall changes in the molecular constitution of cells.
Removal of genes required for maturation of all miRNAs has shown that miRNAs have essential roles in the proliferation and differentiation of ESCs [3] [4] [5] . For example, the loss of the RNA-binding protein DGCR8, which is required for the production of all canonical miRNAs, results in a cell cycle defect and an inability to silence the self-renewal program of ESCs when they are placed in differentiation-inducing conditions 3 . The introduction of individual members of a family of miRNAs, the ESCC miRNAs, into Dgcr8 2/2 ESCs can rescue the cell cycle defect 6 . These same miRNAs are able to enhance the de-differentiation of somatic cells to induced pluripotent stem cells 7 . Here we report the identification of another large family of miRNAs, the let-7 family, which performs the opposite role to the ESCC family. When introduced into Dgcr8
2/2
ESCs, let-7 silences self-renewal by suppressing many of the same downstream targets that are indirectly activated by the ESCC family. Indeed, co-introduction of the ESCC miRNAs inhibits the capacity of let-7 to silence self-renewal, and suppression of the let-7 family in somatic cells promotes de-differentiation.
ESCCs and let-7 regulate self-renewal The let-7 miRNAs are broadly expressed across differentiated tissues 8, 9 and are tightly regulated during ESC differentiation [10] [11] [12] [13] [14] . Therefore, we hypothesized that the let-7 miRNAs could rescue the capacity of Dgcr8 2/2 ESCs to silence ESC self-renewal when induced to differentiate. To test this hypothesis, we introduced mimics of a representative let-7 family member, let-7c, into the Dgcr8 2/2 ESCs (Fig. 1a) . let-7c silenced the ESC self-renewal program even when the ESCs were maintained in ESC culture conditions. Three days after let-7c treatment, Dgcr8 2/2 cells downregulated ESC associated markers including alkaline phosphatase activity ( Supplementary Fig. 1 ), Oct4 (also known as Pou5f1) immunofluorescence staining (Fig. 1b) , and mRNA expression of Oct4, Sox2 and Nanog (Fig. 1c) . Furthermore, the transfected cells showed a diminished capacity to reform ESC colonies in replating assays, a functional test of ESC self-renewal capacity (Fig. 1d) . Similar effects were observed with the introduction of let-7a, let-7b, let-7d and let-7g ( Supplementary Fig. 2 ), and these effects were observed over a range of concentrations, including levels normally found in more differentiated cell types (Supplementary Fig. 3) .
In contrast to the Dgcr8 2/2 ESCs, wild-type ESCs were resistant to let-7c-induced suppression of self-renewal (Fig. 1b-d and Supplementary Fig. 1 ). This finding indicated that other miRNAs normally expressed in wild-type ESCs inhibit the ability of let-7c to silence self-renewal. The ESCC miRNAs are probable candidates as they make up most of the miRNA molecules in mouse ESCs 15, 16 , they are rapidly downregulated after differentiation coincident with the upregulation of mature let-7 ( Supplementary Fig. 4 ), and they promote the ESC fate 6, 7, 17, 18 . Therefore, we introduced a representative member of this family, miR-294, to test whether it could block let-7c-induced suppression of Dgcr8 2/2 ESC self-renewal. Three days after co-introduction of miR-294 and let-7c, Dgcr8 2/2 ESCs retained alkaline phosphatase activity ( Supplementary Fig. 1 ), Oct4 immunofluorescence staining (Fig. 1b) , and mRNA expression of Oct4, Sox2 and Nanog (Fig. 1c) . Furthermore, miR-294 rescued the colony forming capacity of the Dgcr8 2/2 ESCs (Fig. 1d) . Control miRNAs (miR-294 with a seed mutation and other ESC-expressed miRNAs, miR-291a-5p and miR-130b, which do not contain the ESCC miRNA seed sequence) did not antagonize the effects of let-7c (Fig. 1a-d) , showing that the effect of miR-294 is not simply secondary to competition for RISC complexes.
Other members of the ESCC family miR-291a-3p, miR-291b-3p and miR-295 were similarly able to block the effects of let-7c (Supplementary Fig. 5 ). These data indicate that the let-7 and ESCC families of miRNAs have opposing roles in the maintenance of ESC self-renewal.
Targeting through ORFs and 39UTRs
The functional antagonism between let-7c and miR-294 on ESC selfrenewal suggested opposing roles for these miRNAs on downstream molecular targets. To test this prediction, we sought to identify these targets globally using mRNA microarrays after the introduction of let-7c or miR-294 into Dgcr8 2/2 ESCs. The introduction of the let-7c mimic led to downregulation of 693 and upregulation of 208 transcripts relative to mock treated cells, with a false discovery rate (FDR) of less than 5% ( Fig. 2a and Supplementary Table 1 ). Of the 693 downregulated transcripts, 294 contained a let-7c 7-nucleotide seed match in the 39UTR, 287 contained a 7-nucleotide seed match in the ORF, and 113 contained both 39UTR and ORF 7-nucleotide seed matches (Supplementary Table 1 ). The presence of these seed matches in the downregulated transcripts was highly enriched compared to the entire gene set ( Fig. 2b and Supplementary Fig. 6a) . Similarly, the introduction of miR-294 led to a large number of upregulated and downregulated transcripts ( Fig. 2c and Supplementary Table 1 ). Again, downregulated transcripts were enriched for seed matches in the 39UTR and ORF. In contrast, upregulated transcripts were depleted for seed matches in the 39UTR and ORF ( Fig. 2d and Supplementary Fig. 6b ). These findings suggest that miR-294 and let-7c functionally act through the downregulation of many targets by binding their ORF and/or 39UTR.
Impact on ESC transcriptional network
To investigate further the mechanism for the opposing roles of let-7c and miR-294 on ESC self-renewal, we performed pathway analysis on the miRNA-regulated transcript sets. Specifically, we searched for overlaps between the miRNA-regulated transcripts and genes identified by chromatin immunoprecipitation (ChIP) of pluripotency associated transcription factors 15, 19 . This analysis measures whether there is any influence of the let-7 or ESCC miRNAs on the transcription factors themselves (a and b in Fig. 3A , and Supplementary Methods) or the transcripts originating from the genes bound by the transcription factors (c in Fig. 3A , and Supplementary Methods).
In ESCs, two Myc family members, N-Myc and c-Myc, are highly expressed and have largely overlapping ChIP target genes 19 . c-myc (also known as Myc) has previously been identified as a let-7 target in cancer cells 20 , and we find that N-myc (also known as Mycn) is significantly downregulated by let-7c in our array data (Supplementary Table 1 ). Consistent with let-7 directly targeting the Myc family, overlapping of let-7c-regulated transcripts with Myc-bound genes showed an enrichment of Myc target genes in the let-7c-downregulated transcript set and a depletion in the let-7c-upregulated transcript set (see a in Fig. 3B ). Furthermore, the enrichment was independent of the presence of seed sequence matches within the ORF or 39UTR. This finding suggests that let-7 is acting directly through inhibition of Myc (c-myc and/or N-myc) rather than through inhibition of Myc's downstream target genes (see a in Fig. 3A) .
Performing a similar analysis overlapping miR-294-regulated transcripts and Myc target genes showed the exact opposite pattern as the analysis with let-7c-regulated transcripts. There was depletion of Myc targets in the miR-294-downregulated transcript set and enrichment in the miR-294-upregulated transcript set (see b in Fig. 3B ). This pattern suggests that miR-294 upregulates Myc activity (b in Fig. 3A) . Indeed, microarray data showed that miR-294 markedly increased c-myc levels (Supplementary Table 1 ). As miR-294 itself suppresses its downstream targets (Fig. 2d) , the upregulation of c-myc must be indirect, through an unknown intermediate repressor (b in Fig. 3A ). These data show that the let-7 and ESCC families of miRNAs have opposing effects on Myc activity.
Overlap of the let-7c-regulated transcripts with ChIP target genes for the pluripotency transcription factors Oct4, Sox2, Nanog and Tcf3 once again showed enrichment among the let-7c-downregulated transcript set (see c in Fig. 3B ). However, this enrichment was limited to the downregulated transcripts with seed matches in their ORF or 39UTR. These data suggest that rather than directly regulating the pluripotency transcription factors, let-7 targets transcripts originating from the genes bound by them (c in Fig. 3A ). This pattern of enrichment is most clear for the ChIP target genes bound by Tcf3, cobound by Oct4, Sox2 and Nanog, or bound by the pluripotency cluster of Wild type
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19 (a group of targets bound by Oct4, Sox2, Nanog, Smad1 and STAT3). The latter results agree with recent reports showing that genes bound by multiple pluripotency transcription factors are more likely to be transcriptionally activated 19, 21 . There was no enrichment in the overlap between the miR-294-regulated transcripts and the Oct4-, Sox2-, Nanog-and Tcf3-bound genes. These data indicate that let-7c inhibits downstream targets of these pluripotency factors whereas miR-294 has no obvious effects on either the transcription factors themselves or on their downstream targets.
Opposing regulation of Myc, Lin28 and Sall4
Having discovered that Myc activity was alternatively downregulated and upregulated by let-7c and miR-294, we sought to identify other factors that might be similarly regulated by these miRNAs. Indeed, Gene Ontology analysis showed enrichment for ESC-enriched genes among the let-7c-downregulated and miR-294-upregulated transcript sets ( Supplementary Fig. 7 and Supplementary Table 2 ). Eighty-eight transcripts were regulated in opposing directions by let-7c and miR-294, of which 44 contained a let-7c seed match ( Supplementary Fig. 8 and Supplementary Table 3) . Notably, this set of transcripts included the well-known pluripotency factors Lin28 and Sall4. Lin28 encodes an RNA-binding protein that inhibits let-7 processing [10] [11] [12] [13] 22 , but not transfected let-7 mimic (Supplementary Fig. 9 ). Sall4 encodes a transcription factor that promotes ESC self-renewal [23] [24] [25] . These findings show that the let-7 and ESCC families antagonistically regulate several genes with described roles in ESC self-renewal.
To verify our genomic analysis, we performed quantitative PCR following reverse transcription (qRT-PCR), western blotting analysis, and reporter assays for a subset of the genes. qRT-PCR confirmed the opposing effects of let-7c and miR-294 on Lin28, Sall4, N-myc and c-myc mRNA levels with a combination of the two miRNAs showing intermediate levels (Fig. 4a) . Western blotting analysis showed similar results ( Fig. 4b and Supplementary Fig. 10 ). Of note, c-Myc protein was markedly reduced in Dgcr8 2/2 versus wild-type ESCs, and was brought back to wild-type levels by the introduction of miR-294. miR-294 had little effect on N-Myc levels. In contrast, let-7c had little effect on c-Myc, yet notably reduced N-Myc levels. Therefore, the cumulative effect of the miRNAs on total Myc (c-Myc plus N-Myc) protein levels followed a strong pattern of opposing regulation. Similarly, the miRNAs showed significant opposing effects on Lin28 and Sall4 protein levels. Lin28 and c-myc are known targets of let-7 (refs 10, 20) , and luciferase assays confirmed that N-myc and Sall4 are also direct targets (Fig. 4c) . Considering that c-Myc was markedly reduced in Dgcr8 2/2 cells and then increased with miR-294, we considered the possibility that the loss of c-Myc alone could largely explain the sensitivity of Dgcr8 2/2 cells to let-7-induced silencing of ESC self-renewal. To test this possibility, we generated and evaluated c-myc 2/2 ESCs (Supplementary Fig. 11 ). The loss of c-Myc led to decreased expression of Oct4 relative to the parental cell line (Supplementary Fig. 12a ). Introduction of let-7c into the c-myc 2/2 cells decreased the expression levels of Sox2 and Nanog ( Supplementary Fig. 12b, c) . However, levels were not reduced to the same degree as seen with the introduction of let-7c into Dgcr8 2/2 cells. These results indicate that the decrease of c-Myc in Dgcr8 2/2 cells alone cannot explain the sensitivity of these cells to let-7-induced silencing of ESC self-renewal.
Inhibition of let-7 promotes de-differentiation
Having identified a pro-differentiation function of the let-7 family of miRNAs, we hypothesized that inhibition of this miRNA family would enhance reprogramming of somatic cells to iPS cells. Indeed, Lin28, among other activities [26] [27] [28] [29] , inhibits let-7 biogenesis 10-13,22 and promotes de-differentiation of human somatic cells to iPS cells 30 . Reprogramming to iPS cells is typically achieved by the introduction of virally expressed Oct4, Sox2 and Klf4 with or without Myc into somatic cells such as mouse embryonic fibroblasts (MEFs). Although Myc markedly increases the efficiency of reprogramming, it is not essential 31, 32 . To test the effect of the let-7 family on reprogramming, we used a let-7 antisense inhibitor. This inhibitor was able to suppress several let-7 family members simultaneously (Supplementary Fig. 13 ). MEFs express high levels of mature let-7 (ref. 15) and, therefore, these cells should be responsive to any pro-reprogramming effects of let-7 downregulation. We used Oct4-GFP (green fluorescent protein) transgenic MEFs to quantify changes in reprogramming efficiencies, as Oct4-GFP is activated late in the reprogramming process 33, 34 . MEFs were transduced with retroviral vectors expressing Oct4, Sox2, Klf4, with or without c-Myc on day 0, as well as being transfected with let-7 or a control inhibitor on days 0 and 6. When three transcription factors were used (minus c-Myc), let-7 inhibition increased the number of GFP-positive colonies on day 10 by 4.3-fold compared to mock whereas a control inhibitor had no significant effect (Fig. 5a, left) . In the presence of all four transcription factors, let-7 inhibition resulted in a 1.75-fold increase (Fig. 5a, right) . Immunofluorescence confirmed expression of Nanog in reprogrammed cells (Supplementary Fig. 14) . Furthermore, the resulting iPS cells expressed endogenous pluripotency markers at levels similar to wild-type ESCs and did not express the exogenously introduced factors (Supplementary Figs 15 and 16) , as expected for fully reprogrammed cells 35 . The effect of the let-7 inhibitor is not due to enhanced proliferation of the MEFs as there was actually a subtle decrease in proliferation after transfection of either the let-7 or control inhibitor ( Supplementary Fig. 17 ). These findings show that inhibition of the let-7 family of miRNAs enhances the reprogramming of somatic cells. The finding that the enhancement was greater in the absence of Myc is consistent with Myc activity being one, but not the only important downstream target of let-7 in stabilizing the somatic cell fate.
Discussion
Our findings show that the let-7 and ESCC miRNA families have opposing effects on ESC self-renewal. We propose that they act in self-reinforcing loops to maintain the ESC self-renewing versus differentiated cell states (Fig. 5b) . In the self-renewing state, ESCC miRNAs indirectly increase expression of Lin28 and c-Myc. Lin28 functions to block the maturation of let-7 (refs 10-13). Therefore, the ESCC miRNAs prevent co-expression of let-7 miRNAs. Furthermore, ESCC-induced upregulation of c-Myc forms a positive feedback loop in which c-Myc and N-Myc, along with Oct4, Sox2 and Nanog, bind and activate expression of the ESCC miRNAs in the miR-290 miRNA cluster 7, 15 . As ESCs differentiate, Oct4, Sox2 and Nanog are downregulated, resulting in the loss of ESCC and Lin28 expression. With the loss of Lin28, mature let-7 rapidly increases. This increase in let-7 is enhanced by a positive-feedback loop in which let-7 suppresses its own negative regulator Lin28. In the differentiated state, downregulation of Myc activity by let-7 prevents co-expression of the ESCC miRNAs. Furthermore, let-7 inhibits downstream targets of Oct4, Sox2, Nanog and Tcf3 to stabilize the differentiated state. Sall4, like Myc and Lin28, is positively regulated by the ESCC family and negatively regulated by the let-7 family. Decreases in Myc, Sall4 and Lin28 all promote ESC differentiation 23, 25, 26, 36 .
In the model we propose, the function of let-7 in repressing the self-renewing state is restricted to cells that do not express high levels of ESCC miRNAs. In fact, our model suggests that let-7 and ESCC miRNAs are never co-expressed at high levels. For this reason, we propose that the let-7 family does not function to initiate differentiation, but rather the antagonism between the let-7 and ESCC families stabilizes the switch between self-renewal and differentiation. Consistent with this model, the introduction of either ESCC miRNAs 7 or let-7 inhibitors into somatic cells promotes their dedifferentiation into iPS cells. Furthermore, the ESCC and let-7 miRNAs make up a preponderance of the miRNAs in self-renewing ESCs and somatic cells, respectively 15 , supporting a major role in influencing these alternative cell fates.
Other miRNAs have been reported to target the ESC transcriptional network [37] [38] [39] . Unlike the let-7 family, these other miRNAs have a more limited tissue distribution 8, 9 , suggesting that they may suppress selfrenewal during differentiation along specific developmental pathways. Alternatively, these miRNAs may be involved in the early and transient stages of ESC differentiation while the let-7 miRNAs are involved in stabilizing the resulting differentiated cell fate. miRNAs related to the ESCC family (miR-17, miR-20, miR-93 and miR-106) and let-7 miRNAs have analogous roles in cancer, with the ESCCrelated miRNAs promoting and the let-7 miRNAs inhibiting cancer growth 40, 41 . It will be interesting to determine whether these miRNAs act through similar opposing pathways in cancer as in ESCs.
METHODS SUMMARY

Dgcr8
2/2 and wild-type V6.5 ESCs were cultured as previously described 3 . miRNA mimics and inhibitors were obtained from ThermoFisher. mRNA profiling was performed on Affymetrix Mouse Gene 1.0 ST arrays. Bioinformatic analysis was performed using significance analysis of microarrays (SAM), R packages, and custom Python scripts. Reprogramming with Oct4-GFP MEFs was performed as previously described 7 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
